We present here some works on the strong competition between the Kondo eect, magnetic order and eventually spin glass or frustration eect in anomalous rare-earth and actinide systems. First, we develop an underscreened Kondo lattice model with S f = 1 spins for the 5f -electrons and we have recently improved it by deriving, by the SchrieerWol transformation, a 5f -band with a nite bandwidth. The underscreened Kondo lattice model can account for properties of some uranium and neptunium compounds, like UTe, Np2PdGa3 or UCu2Si2 which have a large Curie temperature Tc of order 100 K and present also a Kondo behavior. In particular, we can account for the observed maximum of Tc under pressure in UTe and the magnetization curves of NpNiSi2 showing the occurrence of the Kondo eect at low temperatures below Tc. Second, we have studied the properties of disordered cerium alloys like CeCuxNi1−x or CeRhxPd1−x by considering the Kondo eect, a ferromagnetic order and a spin glass behavior described by several approaches. The van Hemmen approach gives a good explanation of the properties of cerium alloys and we are describing the magnetic glass clusters which occur in both spin glass and ferromagnetic phases. Third, we present a new description of a frustrated Kondo lattice model, which can account for the behavior under pressure or doping of some ytterbium compounds like Yb2Pd2Sn and YbAgGe.
We present here some works on the strong competition between the Kondo eect, magnetic order and eventually spin glass or frustration eect in anomalous rare-earth and actinide systems. First, we develop an underscreened Kondo lattice model with S f = 1 spins for the 5f -electrons and we have recently improved it by deriving, by the SchrieerWol transformation, a 5f -band with a nite bandwidth. The underscreened Kondo lattice model can account for properties of some uranium and neptunium compounds, like UTe, Np2PdGa3 or UCu2Si2 which have a large Curie temperature Tc of order 100 K and present also a Kondo behavior. In particular, we can account for the observed maximum of Tc under pressure in UTe and the magnetization curves of NpNiSi2 showing the occurrence of the Kondo eect at low temperatures below Tc. Second, we have studied the properties of disordered cerium alloys like CeCuxNi1−x or CeRhxPd1−x by considering the Kondo eect, a ferromagnetic order and a spin glass behavior described by several approaches. The van Hemmen approach gives a good explanation of the properties of cerium alloys and we are describing the magnetic glass clusters which occur in both spin glass and ferromagnetic phases. Third, we present a new description of a frustrated Kondo lattice model, which can account for the behavior under pressure or doping of some ytterbium compounds like Yb2Pd2Sn and YbAgGe.
PACS: 71.27.+a, 75.10.Nr, 75.30.Nr
Introduction to Kondo lattice models
The physics of strongly correlated electron systems and the Kondo eect were extensively studied in the last fty years [1] . It is well established that the competition between the Kondo eect and magnetism plays a very important role in anomalous rare-earth and actinide systems [26] . In fact, the 4f -electrons are well localized and cerium compounds are either Kondo or mixed valence ones. The 5f -electrons in actinides are less localized than the 4f electrons of rare-earth systems and it results that there is often an intermediate state between localized and delocalized 5f -electrons in many actinide compounds, especially at the beginning of the actinide series for uranium and neptunium compounds.
The superconductivity observed in cerium and uranium compounds, starting from the discovery of the superconductivity of CeCu 2 Si 2 by Steglich et al. [7] and extended to actinide compounds like UPd 2 Al 3 [8] . Americium metal [9] and PuCoGa 5 [10] is extensively studied at present [11, 12] , but we will not discuss this problem here.
The Kondo eect has been initially derived for an impurity by a perturbation calculation [13] and has been then computed by exact calculations [14] . At very low temperatures, a complete screening of the spins S = 1/2 of the localized 4f electrons by the spins s = 1/2 of the conduction electrons and a heavy fermion behavior have * e-mail: bernard.coqblin@u-psud.fr been established [15] . But, in a compound containing cerium or another anomalous rare-earth, there is a strong competition between magnetism and the Kondo eect and this competition has been rstly described by the Doniach diagram [16] , which gives, with increasing Kondo interaction J K , a magnetic order, like in CeAl 2 and then a heavy fermion behavior without magnetism, like in CeAl 3 . Moreover, the transition from magnetic order to a non-magnetic heavy fermion state has been experimentally observed with increasing pressure in many cerium compounds, such as CeAl 2 or CeRh 2 Si 2 [4] . A similar effect has been observed in YbCu 2 Si 2 [17] or in other ytterbium compounds, where the Néel temperature increases rapidly with pressure, in opposite to cerium compounds.
To describe the behavior of the Kondo lattice, we have used the following Hamiltonian:
where ε k is the energy of the conduction band, J K > 0 is the Kondo coupling between the localized spin S i and the spin s i of a conduction electron at the same site and J H is the interaction between nearest-neighboring localized spins. We choose here J H to be either positive or negative for antiferromagnetic or ferromagnetic intersite interactions. The Hamiltonian given by Eq. (1) is quite general and we have chosen dierent forms to treat the dierent physical cases, as we will explain in each case.
(1005)
We have used also the same type of mean eld approximation that we will explain later on [1821] . We have started by describing the normal Kondo lattice model for S = 1/2 spins and we have considered rstly here the case of choosing J H to be positive, implying that intersite interactions are antiferromagnetic, as it is the case of most cerium compounds [2022] . We have studied the Kondo eect and the short-range magnetic correlations by considering respectively the two mean eld operators λ = ⟨c * iσ f iσ ⟩ and Γ = ⟨f * iσ f jσ ⟩. We have computed the Kondo temperature T K and the correlation temperature T cor at which the short-range magnetic correlations disappear and we have shown that the Kondo eet occurs for a large J K value and that it is destroyed by an increase of J H .
The Kondo eect tends also to be destroyed by a decrease of the number of conduction electrons, called the exhaustion eect [20, 21, 23] . Then, we have described the competition between the Kondo eect and the antiferromagnetic order, within the same type of mean-eld approximation and we have obtained a transition versus J K from an antiferromagnetic ordering to a Kondo phase, which can account roughly for the eect of pressure in the Doniach diagram [22] . The detailed calculations can be found in the original papers [20, 21] . Thus, the Kondo lattice model explains well the behavior of many cerium, ytterbium or other anomalous rare-earth systems. The eect of pressure is often to change a magnetically ordered cerium compound to a non-magnetic compound with a large heavy-fermion character and an opposite effect has been observed in some ytterbium compounds, in good agreement with theory. A similar variation of the magnetism of Ce or Yb in alloys has been also observed when there is a change in the concentration of the matrix.
Recently a new and very interesting eect has been also obtained by tuning the dimensionality of the heavy fermion compound CeIn 3 [24] . In fact, articial superlattices of the antiferromagnetic heavy fermion compound CeIn 3 and of the conventional non-magnetic metal LaIn 3 have been experimentally studied. The heavy fermion compound CeIn 3 exhibits an antiferromagnetic ordering at the Néel temperature T N = 10 K, which is destroyed by applying pressure. By reducing the thickness of the CeIn 3 layers, the Néel temperature decreases and nally the magnetic order was suppressed; similarly, the Fermi liquid coecient of the low temperature resistivity increases. This very interesting result is nally interpreted by saying that the decrease of the dimensionality from 3D to 2D has the same eect as the increase of pressure, giving, therefore, a decrease and nally the disappearance of the magnetic ordering [24] . This eect is very fascinating and can be reproduced in other heavy fermion compounds.
In the next sections, we will present recent works using the Kondo lattice models. First, the underscreened Kondo lattice (UKL) model is described to account for the Kondo-magnetism coexistence occurring in some uranium and neptunium compounds [25] with a special emphasis on a recent improvement able to account for the beginning of the delocalization of the 5f -electrons [26] .
The following section is devoted to the competition between magnetism, a spin glass state and the Kondo eect [27] and nally the last section gives a brief review on a new calculation on a frustrated Kondo lattice which gives two non-magnetic phases, the Kondo one and a frustrated valence bond solid state [28] .
2. The underscreened Kondo lattice model applied to actinide compounds The Kondo lattice (KL) model has been, therefore, recognized to be an appropriate tool for describing the physics of intermetallic strongly correlated electron systems with rare earths or actinides. But, in actinide compounds, the 5f -electrons have generally a spin larger than S = 1/2 and moreover they are less localized than the 4f -electrons of rare-earths. In fact, it is often dicult to decide, on the basis of the experimental data in actinide systems, between a local Kondo behavior corresponding to a 5f n conguration and a mixed-valence situation. But here, we restrict our study to the case of the Kondo actinide compounds.
Thus, we present here a study of the coexistence be- [32] and also in neptunium compounds NpNiSi 2 [33] and Np 2 PdGa 3 [34] . All these systems undergo a ferromagnetic transition at relatively high Curie tempera-
Above the ordering temperature, these materials exhibit that the 5f electrons lie between localized and itinerant. US lies closest to the itinerant side for the 5f -electrons and USe is in the middle, while UTe is the closest to the localized side and has relatively well localized 5f electrons [3537] . The ferromagnetic uranium monochalcogenides UTe, USe, and US have been studied at very high pressures. The Curie temperature of UTe increases with pressure up to a maximum at roughly 7 GPa and then decreases with larger pressures [38, 39] . On the opposite, the Curie temperature of US is continuously decreasing with pressure and T c of USe remains constant up to 10 GPa and decreases rapidly at higher pressures [38] .
Thus, we have proposed a UKL model which consists of a periodic lattice of magnetic atoms with S = 1 spins, corresponding to the 5f 2 conguration and interacting with conduction electron spins s = 1/2 via an on-site Kondo coupling J K [25] . In addition, the localized spins at neighbouring sites interact ferromagnetically with each other. In this case the Kondo eect does not lead to a complete screening of the localized spins, and the ferromagnetic exchange between the underscreened spins may lead to the formation of a ferromagnetic order. We discuss here, as in Ref. [25] , only the case of S = 1 spins, corresponding to the 5f 2 conguration. Indeed, it would be necessary to consider also S = 3/2 or S = 2 spins to discuss dierent congurations of uranium and neptunium compounds.
The underscreened Kondo model has been well studied for the case of one impurity [40, 41] . Also, the dual nature of the 5f electrons, assuming two localized 5f electrons and one delocalized one, has been considered by Zwicknagl et al. [42] who have obtained by band calculations a mass enhancement factor in good agreement with experiment in UPt 3 and UPd 2 Al 3 and by Schoenes et al. [29] who have carefully analyzed the variation of the localization of the 5f -electrons with concentration and pressure in dilute US and UTe.
We will present now our results on the UKL model.
There are two steps in this calculation. The rst one is to derive the UKL model with S = 1 localized spins in a model where the 5f electrons are relatively well localized [25] . The second step is to start from the underscreened Anderson lattice (UAL) model and to use the SchrieerWol transformation to obtain a nite f -band and to describe a possible delocalization of the 5f electrons [26] . All calculations can be found in Refs. [25, 26] .
In the UKL model [25] , the two 5f -electrons are bound into a spin S f = 1. The starting Hamiltonian is given by Eq. (1), with the following essential dierence: the localized spins are here S = 1 and the second term of the Hamiltonian (1) can be written now as
order to describe the energy E 0 of the two 5f localized electrons (dened by the notation α = 1, 2) of the 5f 2 conguration of uranium atoms. Then, the intersite interaction is ferromagnetic with J H < 0.
We use here the mean eld approximation which has been extensively used for the normal Kondo lattice model and which is appropriate to describe the competition be- 
which couples conduction and f electrons at the same site.
Moreover, in order to describe the magnetic properties of the system, we introduce also the magnetization operators for both f -and c-electrons
The non-zero values of ⟨M ⟩ and ⟨m⟩ describe the magnetic phase, while a non-zero λ σ describes the Kondo effect and the formation of the heavy-fermion state. The detailed calculations can be found in Ref. [25] .
The two temperatures T C and T K have been computed within the UKL model [25] The previous calculations assume that the 5f electrons are relatively well localized and that the actinide ions are well described by S = 1 localized spins. But, as already described above, the 5f electrons are often in-between localized and itinerant. In order to describe Kondo eect in such weakly delocalized 5f electrons, we have considered the UAL model for the case of a twice degenerate f orbital with two 5f electrons coupled with an itinerant band [26] . Because of intra-atomic Hund's coupling, the two 5f electrons are coupled in the triplet state S = 1 in their ground state. We take, as usual, the f c hybridization term for the two f -levels and we derive the SchrieerWol transformation which is clearly new for the present case of two f -states [26] . Detailed calculations can be found in Ref. [26] . The main result is that we obtain now a nite and narrow 5f bandwidth, in addition to the exchange Kondo-like usual interaction.
The half f -bandwidth derived by the SchrieerWol transformation is spin-dependent and it is given by
where σ is equal here to ±1. We see also that the eective bandwidth and the f -magnetization M f are correlated. case (c): a spin-dependent bandwidth directly obtained from the SW transformation W f = A σ , according to the previous discussion. P is an adjustable parameter.
We have plotted in Fig. 1 the two temperatures T C and T K versus J K for the three previously dened cases. We obtain a very rapid increase of T K above a critical value J c K of J K , while T C has a smoother variation. Concerning the Kondo eect, a peculiar behavior has been obtained for values of J K just above the crossing point: at the temperature T 1 , the Kondo eect vanishes and is non zero-only between T 1 and T K , as explained in Ref. [26] . But the most important result is that T C is passing through a maximum with increasing J K , as shown in particular for the case (b). Since J K increases with pressure, the present model can account very well for the observed pressure dependence of the Curie temperature in UTe compound. So, we have shown that our model includes two eects which are essential to describe the 5f -electron compounds: the small delocalization of the 5f -electrons, and the S = 1 spins found in uranium or neptunium compounds. The rst eect works against magnetism, while the second one favors magnetism. The competition between these two eects leads to complex phase diagrams which can improve the description of some actinide compounds and explain in particular the maximum of T C observed experimentally in UTe compound with increasing pressure.
We have also studied the opposite case where T C is larger than T K and we have obtained a rapid decrease of the magnetization at a low temperature corresponding roughly to T K well below the Curie temperature. This eect has been observed in the experimental magnetization curve of neptunium compound NpNiSi 2 [33] and our model explains well the experimental behavior.
The resulting ferromagnetic-Kondo diagram, which is given in Refs. [25, 26] , is completely dierent from the Doniach diagram derived for the Kondo lattice model appropriate for cerium or ytterbium compounds and represents really a new result for the study of magnetic actinide compounds.
The initial increase of T C with pressure is clearly explained by our rst model [25] , since J K increases with increasing pressure. On the other hand, the maximum and the decrease of T C at higher pressure is explained by the UKL model with a weak delocalization of the 5f electrons [26] . Similarly, the decrease of T C in US compound corresponds to a continuous delocalisation of the 5f electrons which are already itinerant at normal pressure. The case of USe is intermediate, with 5f electrons between localized and itinerant at normal pressure. Sheng and Cooper [35] have performed ab initio band calculations which can account for the pressure dependence of T C in uranium monochalcogenides.
We can presently conclude that the behavior of T C and T K shown in Fig. 1 [26] presents two important dierences with respect to the previous plots obtained with the UKL model [25] : rst, T C can pass through a maximum above roughly J c K and decreases after with increasing J K ; second, in a certain J K range, two values of T K are obtained and λ is non-zero only between these two temperatures. The rst eect can account for the maximum of T C observed in UTe at high pressures. The second eect is connected to the fact that the Kondo screening of S = 1
spins cannot be completed at very low temperatures [40] and such an eect has been observed, for the rst time, in the experimental magnetization curve of neptunium compound NpNiSi 2 [33] , which presents a rapid drop at low temperatures. Indeed, the inuence of the Kondo effect has to be studied in detail there and anyway these results will be discussed elsewhere soon [43] . We will present here some features on the spin glass--Kondo-magnetic order and we describe rstly the case of the well known CeNi x Cu 1−x alloys, that we have extensively studied, and nally we discuss briey the other cases.
The CeNi x Cu 1−x alloys present, at low temperatures, an antiferromagnetic order for low Ni concentration 
We have performed dierent calculations for the spin glass-Kondo interaction and the main dierence between them lies in the approach used to describe the spin glass.
In our rst calculation, we have taken the Sherrington Kirkpatrick model [51] for the exchange intersite integrals which are assumed to be randomly distributed with a Gaussian distribution. The rst model assumes a zero mean value of the Gaussian distribution in order to study only the Kondo-spin glass interaction and we have, therefore, obtained a phase diagram showing rst a spin glass phase and then a Kondo phase with increasing the Kondo exchange parameter J K [52] . Then, in order to obtain a more complex phase diagram with a ferromagnetic [53] or an antiferromagnetic [54] Thus, we have then considered another spin glass approach which introduces a generalization of the Mattis model [55] and which represents an interpolation between ferromagnetism and a highly disordered spin glass [56] . 
where ξ i and η j are equal to ±1 and are random variables which follow a bimodal distribution [27] . We take here both a random SG contribution and a ferromagnetic (FM) one respectively proportional to the parameters J and I 0 . Our calculations using the vH approach have given dierent phase diagrams which depend on the ratio I 0 /J. Several cases are described in Ref. [27] . Thus, the more local description [27] given by the van Hemmen model seems to be more adequate here than the average description used for example in the SherringtonKirkpatrick approach [51, 53] .
However, a real improvement will be provided by trying to describe better the clusters which are yielding the cluster-glass state (CG) with ferromagnetic correlations and the IFM state and also the observed percolative CGIFM transition observed with decreasing temperature [46, 47] . A rst approach had been proposed to obtain clusters with intrasite Kondo interactions and both intra-and inter-cluster magnetic interactions within the SherringtonKirkpatrick approach [58] .
More recently, a Kondo cluster-glass model for spin After the description of the well studied case of the CeNi x Cu 1−x alloys, we will discuss the behavior of a spin glass-Kondo-magnetic order competition in Ce 2 Au 1−x Co x Si 3 alloys; these alloys present versus the concentration x a transition from spin glass to an antiferromagnetic order and nally to a Kondo phase, as shown in the experimental (upper) part of Fig. 2 [60] . We have studied theoretically the behavior of such a system by taking two Kondo sublattices with an intrasite Kondo interaction given by J K , an interlattice quantum Ising interaction and a transverse eld Γ [61] . [72, 73] . Third, the difference of behavior between cerium or uranium alloys or consequently between the dierent Kondo models is not clearly established at present, but it is important to consider this point. Fourth, the position of the spin glass phase in the phase diagram with respect to the other phases is also a very interesting question [74] . Finally, the role of the spin glass in the Kondo lattice has been well studied and continues to be very attractive.
Frustration in the Kondo lattice model
The frustration in many systems, especially in magnetic ones, has been extensively studied [75] and here a recent work on frustrated magnetic Kondo compounds will be presented briey with an extension of the Doniach phase diagram to include frustration eects [28] . A qualitative phase diagram had been already presented [76] , but here we present a more quantitative derivation of a frustrated Kondo lattice which can describe the behavior of heavy fermion compounds and in particular of ytterbium compounds as a function of pressure. Detailed calculations can be found in the paper of Bernhard et al. [28] .
The Kondo lattice problem is studied here in the ShastrySutherland geometry [77] . The starting Hamiltonian contains several terms as in Eq. (1) Only these three phases have been taken here and we do not study the possibility of a superconducting phase [76] or eventually of a mixed AFK phase.
The zero temperature phase diagram of the Shastry Sutherland Kondo lattice model has been determined and is presented in Fig. 3 as a function of the Kondo parameter J K /t ′ and the frustration parameter J/J ′ for a number of conduction electrons n c = 0.9 [28] . We see that there is a direct transition from the VBS phase to the and nally a second non-magnetic phase [78] . Further experimental work is necessary to check the VBS nature of the second non-magnetic phase which is clearly very dierent from the Kondo phase.
The compound YbAgGe has a dierent crystallographic structure similar to the kagome geometry, but it is strongly frustrated. It is weakly magnetic at normal pressure and the Néel temperature T N increases up to a maximum of 5.4 K at 6.8 GPa and then decreases to 2.2 K at 13.8 GPa. The extrapolated zero value of T N corresponds roughly to a pressure of 16 GPa, above which there is again a second non-magnetic phase.
There are presently many other strongly frustrated cerium and ytterbium compounds, like CePdAl [75] , Ce 2 Pd 2 Sn [78] or Yb 2 Pt 2 Pb [80] . The present study of the frustration in heavy fermion compounds is a positive feature of the Kondo lattice, because it yields the existence of a second non-magnetic phase which originates from the peculiar situation of the coupling of localized spins on 2 sites along the diagonal bond. However, further experimental works are certainly necessary to better identify the nature of this VBS phase, which is clearly dierent from the non-magnetic Kondo lattice phase.
Conclusions
Thus, we have presented here Kondo lattice models which can explain dierent interplays between the Kondo eect and magnetism in many cerium compounds, starting from the coexistence between ferromagnetism and the underscreened Kondo lattice model observed in some uranium and neptunium compounds, then the inuence of spin glass on the Kondo lattice in disordered cerium or uranium alloys and nally the inuence of frustration on heavy fermion compounds and in particular ytterbium compounds.
In conclusion, there is a lot of works in the eld of the interplay between the Kondo eect and magnetism, particularly the dierent properties of actinide systems which can present a multichannel Kondo eect and the interaction between the spin glass and Kondo states in disordered cerium or uranium alloys or the inuence of frustration. We have not discussed here the occurrence of superconductivity in cerium or actinide compounds which is also a fascinating subject. We can also mention the recent and very interesting work of tuning the dimensionality of a heavy fermion compound by reducing the thickness of the layers [24] . Indeed the study of the extremely thin layers or more generally of nanoscale Kondo systems is also extremely promising for the study of heavy fermion physics.
The problem of the hidden order in the compound 
